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FORM A PLURALITY OF REGIONS OF ASOLDER | — 77~
PASTE LAYER ALONG A PLURALITY OF SCRIBE

REGIONS OF A SEMICONDUCTOR SUBSTRATE

!

SCRIBE THE SEMICONDUCTOR SUBSTRATE ALONG | _ 7./
THE PLURALITY OF SCRIBE REGIONS TO FORM A
PLURALITY OF SUB-CELLS

!

COUPLE ADJACENT ONES OF THE PLURALITY | /s
OF SUB-CELLS WITH A CORRESPONDING

METAL RIBBON

/6’ 174

SCRIBE A SEMICONDUCTOR SUBSTRATE ALONG 507
A PLURALITY OF SCRIBE REGIONS TOFORM |
A PLURALITY OF SUB-CELLS

!

FORM A PLURALITY OF REGIONS OF A SOLDER PASTE LAYER | _ 4/
AT ADJACENT OUTER PERIMETERS OF CORRESPONDING
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COUPLE ADJACENT ONES OF THE PLURALITY | _ 515
OF SUB-CELLS WITH A CORRESPONDING
METAL RIBBON
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SOLAR CELL HAVING A PLURALITY OF
SUB-CELLS COUPLED BY CELL LEVEL
INTERCONNECTION

TECHNICAL FIELD

Embodiments of the present disclosure are 1n the field of
renewable energy and, 1n particular, methods of fabricating

solar cells having a plurality of sub-cells coupled by cell
level interconnection, and the resulting solar cells.

BACKGROUND

Photovoltaic cells, commonly known as solar cells, are
well known devices for direct conversion of solar radiation
into electrical energy. Generally, solar cells are fabricated on
a semiconductor waler or substrate using semiconductor
processing techniques to form a p-n junction near a surface
of the substrate. Solar radiation impinging on the surface of,
and entering into, the substrate creates electron and hole
pairs 1n the bulk of the substrate. The electron and hole pairs
migrate to p-doped and n-doped regions in the substrate,
thereby generating a voltage differential between the doped
regions. The doped regions are connected to conductive
regions on the solar cell to direct an electrical current from
the cell to an external circuit coupled thereto.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a plan view and corresponding cross-
sectional view taken along the a-a' axis of a solar cell having
a plurality of sub-cells coupled by cell level interconnection,
in accordance with an embodiment of the present disclosure.

FIG. 2 illustrates a cross-sectional view another solar cell

having a plurality of sub-cells coupled by cell level inter-
connection, 1n accordance with another embodiment of the
present disclosure.

FIGS. 3A and 3B illustrate cross-sectional views of solar
cells having a plurality of sub-cells coupled by cell level
interconnection, 1n accordance with another embodiment of
the present disclosure.

FI1G. 4 1s a flowchart representing operations 1n a method
of fabricating a solar cell using singulation to form sub-cells,
in accordance with an embodiment of the present disclosure.

FIGS. SA and 5B illustrate cross-sectional views of vari-
ous operations 1n a method of fabricating a solar cell having
a plurality of sub-cells coupled by cell level interconnection,
corresponding to the operations of the flowchart of FIG. 4,
in accordance with an embodiment of the present disclosure.

FIG. 6 1s a tflowchart representing operations in another
method of fabricating a solar cell using singulation to form
sub-cells, 1n accordance with another embodiment of the
present disclosure.

FIGS. 7A and 7B 1llustrate cross-sectional views of vari-
ous operations in a method of fabricating a solar cell having
a plurality of sub-cells coupled by cell level interconnection,
corresponding to the operations of the flowchart of FIG. 6,
in accordance with another embodiment of the present
disclosure.

FIG. 8 1s a plot of metal thickness (in microns) as a
function of finger length (in cm) for a diced cell having
metal seed on-cell metallization and metal ribbon inter-sub-
cell metallization, 1n accordance with an embodiment of the
present disclosure.

DETAILED DESCRIPTION

The following detailed description 1s merely illustrative in
nature and 1s not intended to limit the embodiments of the
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subject matter or the application and uses of such embodi-
ments. As used herein, the word “exemplary” means “serv-
ing as an example, instance, or illustration.” Any implemen-
tation described herein as exemplary 1s not necessarily to be
construed as preferred or advantageous over other imple-
mentations. Furthermore, there 1s no intention to be bound
by any expressed or implied theory presented in the preced-
ing technical field, background, brielf summary or the fol-
lowing detailed description.

This specification includes references to “one embodi-
ment” or “an embodiment.” The appearances of the phrases
“in one embodiment™ or “in an embodiment” do not neces-
sarily refer to the same embodiment. Particular features,
structures, or characteristics may be combined 1n any suit-
able manner consistent with this disclosure.

Terminology. The following paragraphs provide defini-
tions and/or context for terms found in this disclosure
(including the appended claims):

“Comprising.” This term 1s open-ended. As used in the
appended claims, this term does not foreclose additional
structure or steps.

“Configured To.” Various units or components may be
described or claimed as “configured to” perform a task or
tasks. In such contexts, “configured to” 1s used to connote
structure by indicating that the units/components include
structure that performs those task or tasks during operation.
As such, the unit/component can be said to be configured to
perform the task even when the specified unit/component 1s
not currently operational (e.g., 1s not on/active). Reciting
that a unit/circuit/component 1s “configured to” perform one
or more tasks 1s expressly intended not to invoke 35 U.S.C.
§ 112, sixth paragraph, for that umt/component.

“First,” “Second,” etc. As used herein, these terms are
used as labels for nouns that they precede, and do not imply
any type of ordering (e.g., spatial, temporal, logical, etc.).
For example, reference to a “first” solar cell does not
necessarily imply that this solar cell 1s the first solar cell in
a sequence; mstead the term “first” 1s used to differentiate
this solar cell from another solar cell (e.g., a “second” solar
cell).

“Coupled”—The following description refers to elements
or nodes or features being “coupled” together. As used
herein, unless expressly stated otherwise, “coupled” means
that one element/node/feature 1s directly or indirectly joined
to (or directly or indirectly communicates with) another
clement/node/feature, and not necessarily mechanically.

In addition, certain terminology may also be used in the
tollowing description for the purpose of reference only, and
thus are not intended to be limiting. For example, terms such
as “upper”’, “lower”, “above”, and “below” refer to direc-
tions in the drawings to which reference 1s made. Terms such
as “front”, “back”, “rear”, “side”, “outboard”, and “inboard”
describe the orientation and/or location of portions of the
component within a consistent but arbitrary frame of refer-
ence which 1s made clear by reference to the text and the
associated drawings describing the component under dis-
cussion. Such terminology may include the words specifi-
cally mentioned above, denivatives thereof, and words of
similar 1import.

“Inhibit”—As used herein, inhibit 1s used to describe a
reducing or minimizing effect. When a component or feature
1s described as inhibiting an action, motion, or condition 1t
may completely prevent the result or outcome or future state
completely. Additionally, “inhibit™ can also refer to a reduc-

tion or lessening of the outcome, performance, and/or effect
which might otherwise occur. Accordingly, when a compo-
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nent, element, or feature 1s referred to as mhibiting a result
or state, it need not completely prevent or eliminate the
result or state.

Efliciency 1s an important characteristic of a solar cell as
it 1s directly related to the capability of the solar cell to
generate power. Likewise, efliciency in producing solar cells
1s directly related to the cost eflectiveness of such solar cells.
Accordingly, techniques for increasing the efliciency of solar
cells, or techniques for increasing the efliciency in the
manufacture of solar cells, are generally desirable. Some
embodiments of the present disclosure allow for increased
solar cell manufacture efliciency by providing novel pro-
cesses for fabricating solar cell structures. Some embodi-
ments of the present disclosure allow for increased solar cell
elliciency by providing novel solar cell structures.

Methods of fabricating solar cells having a plurality of
sub-cells coupled by cell level interconnection, and the
resulting solar cells, are described herein. In the following
description, numerous specific details are set forth, such as
specific process tlow operations, in order to provide a
thorough understanding of embodiments of the present
disclosure. It will be apparent to one skilled 1n the art that
embodiments of the present disclosure may be practiced
without these specific details. In other instances, well-known
tabrication techniques, such as lithography and patterning
techniques, are not described 1in detaill in order to not
unnecessarily obscure embodiments of the present disclo-
sure. Furthermore, 1t 1s to be understood that the various
embodiments shown 1n the figures are illustrative represen-
tations and are not necessarily drawn to scale.

Disclosed herein are solar cells. In one embodiment, a
solar cell includes a plurality of sub-cells. Each of the
plurality of sub-cells includes a singulated and physically
separated semiconductor substrate portion. Each of the plu-
rality of sub-cells includes an on-sub-cell metallization
structure interconnecting emitter regions of the sub-cell. An
inter-sub-cell metallization structure couples adjacent ones
of the plurality of sub-cells. The 1nter-sub-cell metallization
structure 1s different in composition from the on-sub-cell
metallization structure.

Also disclosed herein are methods of fabricating solar
cells. In one embodiment, a method of fabricating a solar
cell includes forming a plurality of regions of a solder paste
layer along a plurality of scribe regions of a semiconductor
substrate. The method also includes, subsequent to forming
the plurality of regions of the solder paste layer, scribing the
semiconductor substrate along the plurality of scribe regions
of the semiconductor substrate to form a plurality of sub-
cells each including a singulated and physically separated
semiconductor substrate portion. The method also includes
coupling adjacent ones of the plurality of sub-cells with a
corresponding metal ribbon coupled to the solder paste layer
at adjacent outer perimeters of corresponding adjacent ones
of the plurality of sub-cells.

In another embodiment, a method of fabricating a solar
cell includes scribing a semiconductor substrate along a
plurality of scribe regions of the semiconductor substrate to
form a plurality of sub-cells each including a singulated and
physically separated semiconductor substrate portion. The
method also 1ncludes, subsequent to scribing the semicon-
ductor substrate, forming a plurality of regions of a solder
paste layer at adjacent outer perimeters of corresponding
adjacent ones of the plurality of sub-cells. The method also
includes coupling adjacent ones of the plurality of sub-cells
with a corresponding metal ribbon coupled to the solder
paste layer.
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One or more embodiments described herein are directed
to the fabrication of high voltage panels, which can poten-
tially save cost 1n micro-inverter requirements. Approaches
described below may be implemented to provide process
and cost eflicient cell level metallization for small diced cells
for high voltage modules.

To provide context, potential 1ssues exist in the fabrication
of cells for high voltage panels. One such issue involves
metal breakages 1 thin metal bridges between small cells.
Another such 1ssue involves dark area formation which may
occur with conventional soldering and tabbing. Additionally,
high voltage panels need small cells to generate high voltage
and low current. Small cells have advantage in low current
such that they can use thinner metal fingers avoiding thick
plated metal. However, the number of interconnection
between the cells increases so that interconnection should be
strong enough not to be broken under certain stress 1n a
module. Accordingly, thick interconnection may be neces-
sary. Furthermore, the bowing of diced cells may occur due
to more soldering required per finger length.

In order to address above i1ssues, one or more embodi-
ments described herein mmvolve implementation of one or
more of (1) stmpler sub-cell metallization through the use of
minimal plating or no plating which 1s accessible with small
finger lengths and low current, (2) forming the sub-cell
interconnection with screen printable solder paste to reduce
dark area formation, and (3) the use of relatively thick
conductive ribbons to provide suflicient strength against
metal breakages. In one embodiment, cells are metallized
only by seed by sputtering or evaporation without using
plating or the use of very short plating to make thin metal
fingers such as less than 10 microns. In one embodiment,
interconnection 1s made by ribbons placed on screen print-
able solder paste and soldered by retlow.

More generally, embodiments are directed to the use of
metallization as a handle to enable dicing or singulation of
solar cell waters without increasing module 1nterconnec-
tions or requiring handling of smaller cells. In an exemplary
embodiment, a single solar cell (e.g., 125 cm, 156 cm, 210
cm) 1s subdivided into smaller cells to allow for flexibility 1n
module current and voltage, as well as flexibility 1n the
metallization. As an example, a single silicon P/N diode has
an open circuit voltage (Voc) of 0.6 to 0.8 V. A maximum
power voltage (Vmp) may be approximately 0.63V for a
solar cell. Thus, single diode cells will have a voltage of
0.63V. If 10 sub-diodes are produced on a single full-area
waler, and connected in series, the voltage would be 6.3V
tfor the entire cell (at roughly /10 the current, or about 0.5 A
for a standard cell). An application for a cell of such a
voltage range may be USB charging specification 1.2. IT 96
cells of this voltage were to be arranged in series 1n a
module, the module operating voltage would be approxi-
mately 604.8V DC. An application for a module with such
a voltage range 1s for simplifying the power electronics
inside mverters that make the voltage conversion from low
volt DC to high volt (approximately 240 Vrms) AC appli-
cations.

Having the ability to control the voltage conversely
allows control over the current, which ultimately dictates the
thickness of the metal required for a fimshed device, since
power loss 1s associated with resistive losses in the metal.
For example, for an iterdigitated back contact (IBC) cell on
a 5 mch wafer, the nominal finger length 1s 125 mm long,
and requires approximately 30 microns of plated copper
(Cu) to prevent grid losses. Moving to a 6 inch wafer extends
the finger length to 156 muillimeters, and since resistive
losses go by the length squared, this may require a metal
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thickness of approximately 48 microns. The potential adds
substantial cost to metallization, e.g., by having more direct
material costs and by reducing the throughput of the tools.
Thus, the ability to control the finger length and cell para-
metrics by moving to multiple diode solutions can allow for
greater flexibility in the processing of solar cell metalliza-
tion. In particular, for applications on larger cells, increasing,
the size of the cell also produces more current. Additionally,
temperature of the devices 1n operation 1 the field 1s
dependent on the current and generally should be minimized
to avoid accelerated aging aflects, and risks of higher
temperatures should cells enter reverse bias. Furthermore, in
general, lower current will improve the overall reliability of
the module.

To provide context, when moving toward solar cell fab-
rication using larger waters having a single diode formed on
the wafer, a larger current 1s generated. Such increased
current typically requires thicker metal to avoid Rs losses,
which can add cost and complexity to a manufactured solar
cell. A state-of-the-art industry solution mvolves dicing of
the cells into smaller individual diodes, e.g., 2, 4, 16, etc.,
such that the current 1s reduced both by smaller area, as well
as by shorter current transport lengths along the contact
fingers. However, two 1ssues often arise when implementing
this approach. First, individual components are generated, in
that each sub-cell needs to be handled and interconnected.
Accordingly, an increased number of cell-to-cell intercon-
nects are required, and handling of different sized, smaller
walers within the cell 1s needed. Second, sub-components
are sometimes generated on a template (e.g., a backplane),
which ties the sub-cells together. One 1ssue associated with
such an approach i1s the cost of the backplane, and the
complexity ol bonding through the backplane. Furthermore,
for optimal performance of the system, the current of each
sub-cell should be matched, which provides a complication
for pseudo-square single crystalline watfers due to the vari-
ous axes of symmetry, as well as ‘dead’ spaces on cells from,
¢.g., plating or testing pads, or interconnections pads. This
provides some geometric constraints. Additionally, where
the metal 1s required to physically hold the sub-cell assem-
bly together without shunting to neighboring sub-cells, this
provides some challenges, e.g., for in-series V4 cell designs
require novel emitter and metal configurations to hold the
cell together without individual component handling.

As an exemplary structure, FIG. 1 1llustrates a plan view
and corresponding cross-sectional view taken along the a-a'
axis ol a solar cell having a plurality of sub-cells coupled by
cell level interconnection, 1n accordance with an embodi-
ment of the present disclosure.

Referring to FIG. 1, a solar cell 100 includes a plurality
of sub-cells 102. Each of the plurality of sub-cells 102 1s a
singulated and physically separated semiconductor substrate
portion. Each of the plurality of sub-cells 102 includes an
on-sub-cell metallization structure 104 interconnecting
emitter regions of the sub-cell 102. An inter-sub-cell met-
allization structure 106 couples adjacent ones of the plurality
of sub-cells 102. In an embodiment, the inter-sub-cell met-
allization structure 106 1s different in composition from the
on-sub-cell metallization structure 104.

In an embodiment, the inter-sub-cell metallization struc-
ture 106 for the solar cell 100 1s a plurality of metal ribbons
106 coupling corresponding adjacent ones of the plurality of
sub-cells 102, as 1s depicted. In one such embodiment, the
plurality of metal ribbons 106 1s disposed on a solder paste
layer disposed at adjacent outer perimeters 108 of the
corresponding adjacent ones of the plurality of sub-cells
102. In a specific such embodiment, the solder paste layer 1s
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essentially confined to the adjacent outer perimeters 108 of
the corresponding adjacent ones of the plurality of sub-cells
102. In another specific embodiment, the solder paste layer
further extends across at least a portion of a region 110 of the
metal ribbon 106 between but not 1n contact with adjacent
sub-cells 102. In an embodiment, the locations of solder
paste placement are regions that limit dark areas of the cell
or sub-cells.

In an embodiment, each of the plurality of metal ribbons
106 has a thickness suitable to avoid breakage during
handling yet to allow ease of handling and coupling to
sub-cells. In one embodiment, each of the plurality of metal
ribbons 106 has a thickness approximately in the range of
50-300 microns. In an embodiment, each of the ribbons 106
includes one or more holes along an approximate center of
the ribbon. In one such embodiment, the one or more holes
are a stress relief feature in the ribbon.

In an embodiment, each metal ribbon 1s an aluminum (Al)
fo1l portion. In one embodiment, the Al fo1l 1s an aluminum
alloy foil mncluding aluminum and second element such as,
but not limited to, copper, manganese, silicon, magnesium,
zinc, tin, lithium, or combinations thereof. In one embodi-
ment, the Al foil 1s a temper grade foil such as, but not
limited to, F-grade (as fabricated), O-grade (full sofit),
H-grade (strain hardened) or T-grade (heat treated).

In an embodiment, the solder paste 1s composed of a
solvent and aluminum/silicon (Al/S1) alloy particles. In an
embodiment, the solder paste 1s a screen printable solder
paste, the use of which can reduce dark areas in sub-cells.
For example, alignment tolerance can be similar to other
screen print operations, such as approximately 100-200
microns, and does not sufler from dispensing alignment. In
an embodiment, the solder paste has a thickness approxi-
mately in the range of 0.1-5 microns. In another embodi-
ment, as an alternative to a solder paste, an electrically
conductive adhesive (ECA) can be used but likely with
greater associated expense. In one embodiment, in order to
avold spreading of solder or ECA causing shunting, (a) a
print solder mask based on polyimide or high temperature
mask materials 1s used together with solder balls instead of
screen printable solder paste, or (b) pressure and temperature
parameters are selected to cause the solder paste to shrink by
surface tension.

In an embodiment, the on-sub-cell metallization structure
104 1ncludes a metal seed layer. In one such embodiment,
the metal seed layer 1s formed on exposed portions of
alternating N-type and P-type emitter regions. In a speciific
such embodiment, a mask 1s first formed to expose only
select portions of the N-type and P-type emitter regions 1n
order to direct metal seed layer formation to restricted
locations. In an embodiment, the on-sub-cell metallization
structure 104 consists only of, or essentially only of, a metal
seed layer.

In an embodiment, an aluminum-based metal seed layer 1s
used as a metal seed layer for on-sub-cell metallization
structure 104. In one embodiment, the metal seed layer 1s a
layer having a thickness approximately 1n the range o1 0.1 to
20 microns and includes aluminum in an amount greater
than approximately 90 atomic %. In a specific embodiment,
the metal seed layer 1s deposited as a blanket layer which 1s
later patterned, e.g., using a deposition, lithographic, and
ctch approach. In another specific embodiment, the metal
seed layer 1s deposited as a patterned layer. In one such
embodiment, the patterned metal seed layer 1s deposited by
printing the patterned metal seed layer.

Although a metal seed-only approach can avoid plating
processing for cells since the thin metal seed can conduct
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low current (e.g., less than 1 A), in another embodiment,
on-sub-cell metallization structure 104 formation further
includes forming a metal layer by plating on the metal seed
layer to form conductive contacts for the N-type and P-type
emitter regions. Accordingly, 1n an embodiment, the on-sub-
cell metallization structure 104 1s formed by first forming a
metal seed layer and then performing an electroplating
process. In one such embodiment, the plated metal layer 1s
a copper layer.

Although other example arrangements are contemplated,
in an embodiment, each of the sub-cells 102 has approxi-
mately a same voltage characteristic and approximately a
same current characteristic as one another. In an embodi-
ment, the plurality of sub-cells 102 1s a plurality of in-series
diodes. In another embodiment, the plurality of sub-cells
102 1s a plurality of in-parallel diodes.

In an embodiment, each metal ribbon 106 extends across
but not 1n between gaps between adjacent sub-cells 102, as
1s depicted in the cross-sectional view of FIG. 1. In another
embodiment, each metal ribbon 106 extends across and in
between gaps between adjacent sub-cells 102. As an exem-
plary structure, FIG. 2 illustrates a cross-sectional view
another solar cell having a plurality of sub-cells coupled by
cell level interconnection, in accordance with another
embodiment of the present disclosure.

Referring to FIG. 2, a plurality of sub-cells 102 1s coupled
together by an inter-sub-cell metallization structure 106
coupling adjacent ones of the plurality of sub-cells 102.
Each of the plurality of metal ribbons 106 includes an
intervening tab 200 extending between corresponding adja-
cent ones of the plurality of sub-cells 102. In one embodi-
ment, each of the plurality of metal ribbons 106 including
the 1intervening tab 200 1s a unitary body.

The use of intervening tabs can inhibit movement and
ultimate contact of adjacent sub-cells 1n a solar cell. In one
embodiment, the intervening tabs remains as a final artifact
of a completed solar cell. In another embodiment, 1nterven-
ing tabs are removed in the process of fabricating a solar
cell. As an example, FIGS. 3A and 3B illustrate cross-
sectional views of solar cells having a plurality of sub-cells
coupled by cell level interconnection, 1n accordance with
another embodiment of the present disclosure.

Referring to FIG. 3A, a plurality of sub-cells 102 1s
coupled together by an inter-sub-cell metallization structure
106 coupling adjacent ones of the plurality of sub-cells 102.
Each of the plurality of metal ribbons 106 includes an
intervening tab 300 extending between corresponding adja-
cent ones of the plurality of sub-cells 102. In one embodi-
ment, the intervening tabs 300 are composed of a diflerent
material than, or are separable from, each of the plurality of
metal ribbons 106. In one such embodiment, the intervening,
tabs 300 are removable intervening tabs. Referring to FIG.
3B, mm accordance with an embodiment of the present
disclosure, the intervening tabs 300 are removed from the
finalized solar cell, e.g., after a curing process following
ribbon attachment.

In a first exemplary processing scheme, FIG. 4 1s a
flowchart 400 representing operations in a method of fab-
ricating a solar cell using singulation to form sub-cells, in
accordance with an embodiment of the present disclosure.
FIGS. SA and 5B 1llustrate cross-sectional views of various
operations 1 a method of fabricating a solar cell having a
plurality of sub-cells coupled by cell level interconnection,
corresponding to the operations of the flowchart of FIG. 4,
in accordance with another embodiment of the present
disclosure.
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Referring to operation 402 of the flowchart 400 of FIG. 4,
and corresponding to FIG. 5A, a method of fabricating a
solar cell includes first forming a plurality of regions of a
solder paste layer 504 along a plurality of scribe regions 502
ol a semiconductor substrate 500. In an exemplary embodi-
ment, the substrate 500 has five scribe lines 502 separating
the substrate 500 into six approximately equal portions,
which will ultimately provide six approximately equal sub-
cells, as 1s depicted.

Referring to operation 404 of the flowchart 400 of FIG. 4,
and corresponding to FIG. 5B, subsequent to forming the
plurality of regions of the solder paste layer 504, the
semiconductor substrate 500 1s scribed along the plurality of
scribe regions 502 to form a plurality of sub-cells 102. Each
sub-cell 102 1ncludes a singulated and physically separated
508 portion of the semiconductor substrate S00. The singu-
lation leaves remaiming solder paste 506 at adjacent outer
perimeters of corresponding adjacent ones of the plurality of
sub-cells 102.

Referring to operation 406 of the flowchart 400 of FIG. 4,
and corresponding to FIG. 1, adjacent ones of the plurality
of sub-cells 102 are coupled with a corresponding metal
ribbon 106 coupled to the remaining solder paste 506 at
adjacent outer perimeters of corresponding adjacent ones of
the plurality of sub-cells 102. In an embodiment, the metal
ribbon 106 1s soldered to the plurality of sub-cells 102 by
reflow 1n an 1nfra-red (IR) oven or by using heat coils. In an
embodiment, since the solder paste 1s applied prior to
singulation, solder paste 1s located at region 108 but not at
region 110 of the metal rnbbon 106 of the structure of FIG.
1.

In a second exemplary processing scheme, FIG. 6 1s a
flowchart 600 representing operations 1n another method of
tabricating a solar cell using singulation to form sub-cells, 1n
accordance with another embodiment of the present disclo-
sure. FIGS. 7A and 7B 1illustrate cross-sectional views of
various operations 1n a method of fabricating a solar cell
having a plurality of sub-cells coupled by cell level inter-
connection, corresponding to the operations of the tlowchart
of FIG. 6, in accordance with another embodiment of the
present disclosure.

Referring to operation 602 of the flowchart 600 of FIG. 6,
and corresponding to FIG. 7A, a method of fabricating a
solar cell includes first scribing a semiconductor substrate
along a plurality of scribe regions 700 of the semiconductor
substrate to form a plurality of sub-cells 102 each including
a singulated and physically separated semiconductor sub-
strate portion.

Referring to operation 604 of the flowchart 600 of FIG. 6,
and corresponding to FIG. 7B, subsequent to scribing the
semiconductor substrate, a plurality of regions of a solder
paste layer 702 are formed at adjacent outer perimeters of
corresponding adjacent ones of the plurality of sub-cells
102.

Referring to operation 606 of the flowchart 600 of FIG. 6,
and corresponding to FIG. 1, adjacent ones of the plurality
of sub-cells 102 are coupled with a corresponding metal
ribbon 106 coupled to the solder paste layer 702. In an
embodiment, the metal ribbon 106 1s soldered to the plural-
ity of sub-cells 102 by reflow 1n an infra-red (IR) oven or by
using heat coils.

In an embodiment, the solder paste layer 702 1s applied to
the sub-cells 102 prior to coupling the metal ribbons 106 to
the sub-cells 106. In one such embodiment, solder paste 1s
ultimately located at region 108 but not at region 110 of the
metal ribbon 106 of the structure of FIG. 1. In another
embodiment, the solder paste layer 702 1s applied to the
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metal ribbons 106 which in turn are then coupled to the
sub-cells 106. In one such embodiment, solder paste 1s
ultimately located at region 108 and at region 110 of the
metal ribbon 106 of the structure of FIG. 1.

In an embodiment, dicing or singulation 1s performed
using a mechanical approach, a laser approach, or both a
laser and mechanical approach. In an embodiment, the
dicing or singulation 1s performed prior to ribbon attach-
ment, as described above. It 1s to be appreciated that dicing,
betore ribbon attachment can have an advantage of avoiding,
substrate shunting 1ssues. However, in other embodiments,
the dicing or singulation 1s performed after ribbon attach-
ment.

In an embodiment, a laser scribing process 1s used to
partially or completely singulate a solar cell. In one embodi-
ment, singulation 1s 1mplemented to take advantage of
crack-tolerant properties of standard silicon substrate based
cells as a design feature. In one such embodiment, a standard
s1ze cell 1s plated with a select number of sub-diode parti-
tions and a deliberate crack is itroduced. For example, a
scribe plus break approach can be applied where (1) the
substrate 1s partially scribed (e.g., approximately 70%
depth) and then (11) cracked along the break to terminate at
the metallization structure. In another embodiment, a laser
scribe-only approach 1s implemented. In any such dicing or
singulation processes, a pico-second laser ablation process
can be used to provide a relatively clean scribing process,
lower recombination, and narrower scribe width. Another
option 1ncludes a nano-second or longer laser having wider
scribe lines and higher throughput but may be associated
with 1ncreased recombination and potential for debris.

In an embodiment, implementing one or more of the
described approaches can ultimately provide a high voltage
panel with reliability in a cost eflective manner. A high
voltage panel integrated with a micro-inverter with reduced
cost may highly mmpact, e.g., the residential market. To
demonstrate the eflectiveness ol approaches described
above, FIG. 8 1s a plot of metal thickness (in microns) as a
function of finger length (in cm) for a diced cell having
metal seed on-cell metallization and metal ribbon 1nter-sub-
cell metallization, 1n accordance with an embodiment of the
present disclosure. The plot of FIG. 8 shows equivalent
finger thickness to a 34 um, 5 inch full cell. As demonstrated
in the plot of FIG. 8, and 1n accordance with one or more
embodiments, small cells have advantage in low current
such that they can use thinner metal fingers avoiding thick
plated metal.

In yet additional embodiments, approaches are described
tor addressing the risk of power loss from diced cells. In an
exemplary embodiment, approaches for reducing the edge
losses are implemented. In one such embodiment, pre-
grooving 1s performed prior to texturizing a light-receiving
surface of the solar cell. This 1s followed by a break process
and, possibly, a post-1solation passivation process. In one
such embodiment, the emitter 1s designed so that the scribe
talls primarily or entirely within the N-doped region, which
has a lower recombination rate when unpassivated than the
unpassivated P-doped region, and therefore results in sig-
nificantly less power loss. In another embodiment, the
emitter and scribe are designed so that there 1s little or no
intersection of the scribe with a P-N junction, since unpas-
sivated junctions have significantly higher recombination
resulting 1n more power loss. Furthermore, 1n an embodi-
ment, with the understanding that certain laser parameters
may result 1n side-wall damage, melting, and disruption of
the insulating dielectric stack on the rear side, the laser
parameters are selected so as to mimmize such damage,
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melting, and disruption. Typically, this drives a laser selec-
tion to shorter pulse-lengths (e.g., less than approximately
10 nanoseconds), and processes that stop short of disrupting
the rear dielectric (e.g., groove followed by mechanical
separation).

In accordance with embodiments described herein, exem-
plary layouts include hali-cell, quarter-cell, 10-cell or 6-cell
designs (the last design depicted 1n FIGS. 1, 5A, 3B, 7A and
7B). Some embodiments are directed to back contact solar
cells, and some embodiments enable the fabrication of diced
multi-diode cells with controllable voltage and current,
modules with variable voltage and current, and the fabrica-
tion of relatively large cells.

It 1s to be appreciated that a variety of arrangements of
numbers and electrically coupling of sub-cells within a
singulated solar cell may be contemplated within the spirit
and scope of embodiments described herein. In a first
exemplary embodiment, a solar cell 1s diced into four
sub-cells, where the individual sub-cells are V4 current of a
single diode full cell, and have the same voltage as the single
diode cell, whereas the combined 4-diode full cell has the
same current, same voltage as full-size single diode cell. In
a second exemplary embodiment, a solar cell 1s diced into
two sub-cells 1n a parallel arrangement, where the sub-cells
are Y2 current, same voltage sub-cells, with the combined
tull cell being same current, same voltage. In a third exem-
plary embodiment, a solar cell 1s diced into two sub-cells 1n
a series arrangement, where the sub-cells are 2 current of a
single diode full cell, with the same voltage, with the
combined full cell being V4 the current, but twice voltage of
a single diode cell of the same size. In a fourth exemplary
embodiment, a solar cell 1s diced 1nto six sub-cells 1n a series
arrangement, as described above. In a fifth exemplary
embodiment, a solar cell 1s diced into ten sub-cells 1n a series
arrangement, where the voltage of the combined cell 15 10x
a single diode-cell of the same size, 1.e., about 6.3 Vmp. The
current in the combined cell 1s approximately Yio the current
of the original cell (e.g., about 0.5 A). Such as cell can be
used directly to charge a USB for consumer charging
applications, or if built in to a 96 cell module, can produce
a module voltage of approximately 600V, The 10x reduction
in current for this type of cell design can improve the
reliability and safety through reduction 1n peak temperatures
caused my resistive heating.

It 1s to be appreciated that other arrangements for sub-
cells may also be achieved using approaches described
herein, such as, but not limited to, 3x3, 4x4, etc., type
arrangements. Also, a combination of series and parallel
configurations of sub-cells within an original cell 1s also
accessible. Approaches may be beneficial for both back
contact and front contact based cells. Also, for AC power
applications that require inverters, scaling the voltage to
match the inverter output will save significantly on the
inverter component costs, namely in the step-up power
clectronics required to go from the standard panel voltage
(e.g., approximately 50V), up to a typical residential or
commercial power need (approximately 240 Vrms AC).

In accordance with an embodiment of the present disclo-
sure, each sub-cell of a diced solar cell has approximately a
same voltage characteristic and approximately a same cur-
rent characteristic. In an embodiment, the plurality of sub-
cells 1s a plurality of n-parallel diodes, in-series diodes, or
a combination thereotf. In an embodiment, the solar cell and,
hence, the sub-cell portions, 1s a back-contact solar cell, and
the metallization structure 1s disposed on the back surface,
opposite a light-receiving surface, of each of the singulated
and physically separated semiconductor substrate portions.
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In one such embodiment, the back surface of each of the
sub-cells has approximately a same surface area. In a
particular embodiment, the light-rece1rving surface of each of
the sub-cells 1s a texturized surface, as 1s described 1n greater
detail below.

In accordance with an embodiment of the present disclo-
sure, each of the singulated and physically separated semi-
conductor substrate portions 1s a bulk monocrystalline sili-
con substrate portion, such as fabricated from an N-type
monocrystalline substrate. In one such embodiment, each
silicon portion includes one or more N+ regions (e.g.,
phosphorous or arsenic doped regions) and one or more P+
regions (e.g., boron doped regions) formed in substrate
itself. In other embodiments, each silicon portion includes
one or more polycrystalline silicon N+ regions and one or
more polycrystalline silicon P+ regions formed above a
silicon substrate.

In an embodiment, the method of cell fabrication further
involves texturizing the second surface (light-recerving sur-
face) of the semiconductor substrate prior to scribing the
semiconductor substrate. In one such embodiment, perform-
ing the operations 1n this order can mitigate dicing damage.
In one such embodiment, a partial grooving of the water 1s
first performed, and then any damage i1s removed during
silicon etch process (e.g., texturing). However, in other
embodiment, the scribing may be performed and then a
subsequent wet etch 1s implemented. In any case, texturizing
of the light-receiving surface of the solar cell can, 1n one
embodiment, involve texturizing using a hydroxide-based
ctch process. It 1s to be appreciated that a texturized surface
may be one which has a regular or an irregular shaped
surface for scattering incoming light, decreasing the amount
of light reflected off of the light-receiving surface of the
solar cell. Additional embodiments can include formation of
a passivation or anti-retlective coating layer on the light-
receiving surface.

It 1s to be appreciated that a plurality of solar cells each
singulated 1nto sub-cells may be included 1n a photovoltaic
(PV) module. In one such embodiment, for each solar cell,
an encapsulating material of a laminate of the PV module 1s
disposed 1n the groove between adjacent ones of the singu-
lated and physically separated semiconductor substrate por-
tions. That 1s, 1n one embodiment, subsequent to scribing the
semiconductor substrate, the solar cells are embedded 1n a
photovoltaic (PV) module laminate. An encapsulating mate-
rial, e.g., ethylene vinyl alcohol (EVA) or poly-olefin, of the
PV module laminate {fills the groove between adjacent ones
of the singulated and physically separated semiconductor
substrate portions. In one such embodiment, the encapsulant
provides shunt resistance as well as wear resistance between
adjacent sub-cell portions. In one embodiment, the encap-
sulant material has a dielectric breakdown strength greater
than approximately 1000 V/cm, such that the material
adequately provides shunt protection between adjacent sub-
cells. In one embodiment, as applied, the encapsulant has
suiliciently low viscosity or high melt-tlow to ensure that the
encapsulant material flows into the thin groove resulting
from singulation. Furthermore, cell-to-cell interconnection
within the PV module may involve interconnection in series,
in parallel, or a combination thereof.

One or more benefits or advantages of embodiments
described herein can include enabling the use of larger
walers (e.g., 156 cm) without having to implement addi-
tional metal for solar cell fabrication. Embodiments can be
implemented to enable scalable voltage and current designs,
including high voltage designs, such as previously described
tor 5V USB applications, or 120/240 Vrms inverter appli-
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cations. One or more embodiments imnvolve use of a standard
cell fabrication process without altering fab modules already
in place for conventional cell fabrication. There may be no
need for special handling or use of additional sub-cell
interconnections. Power loss due to metal grid resistance can
be reduced proportional to the square of the length of the
metal grid finger. Finally, efliciency benefits may be
achieved based on lower current and potentially more reli-
able cell fabrication.

Although certain materials are described specifically with
reference to above described embodiments, some materials
may be readily substituted with others with such embodi-
ments remaining within the spirit and scope of embodiments
of the present disclosure. For example, 1n an embodiment, a
different material substrate, such as a group I1I-V material
substrate, can be used instead of a silicon substrate. Fur-
thermore, 1t 1s to be understood that, where the ordering of
N+ and then P+ type doping 1s described specifically for
emitter regions on a back surface of a solar cell, other
embodiments contemplated include the opposite ordering of
conductivity type, e.g., P+ and then N+ type doping, respec-
tively. Additionally, although reference 1s made significantly
to back contact solar cell arrangements, it 1s to be appreci-
ated that approaches described herein may have application
to front contact solar cells as well. In other embodiments, the
above described approaches can be applicable to manufac-
turing of structures other than solar cells. For example,
manufacturing of light emitting diode (LEDs) may benefit
from approaches described herein.

Thus, methods of fabricating solar cells having a plurality
of sub-cells coupled by cell level interconnection, and the
resulting solar cells, have been disclosed.

Although specific embodiments have been described
above, these embodiments are not intended to limit the scope
of the present disclosure, even where only a single embodi-
ment 1s described with respect to a particular feature.
Examples of features provided in the disclosure are intended
to be 1llustrative rather than restrictive unless stated other-
wise. The above description 1s intended to cover such
alternatives, modifications, and equivalents as would be
apparent to a person skilled in the art having the benefit of
the present disclosure.

The scope of the present disclosure includes any feature
or combination of features disclosed herein (either explicitly
or implicitly), or any generalization thereof, whether or not
it mitigates any or all of the problems addressed herein.
Accordingly, new claims may be formulated during pros-
ecution of the present application (or an application claiming
priority thereto) to any such combination of features. In
particular, with reference to the appended claims, features
from dependent claims may be combined with those of the
independent claims and features from respective idepen-
dent claims may be combined 1n any appropriate manner and
not merely in the specific combinations enumerated in the
appended claims.

What 1s claimed 1s:

1. A solar cell, comprising:

a plurality of sub-cells, each of the plurality of sub-cells
comprising a singulated and physically separated semi-
conductor substrate portion, and each of the plurality of
sub-cells comprising an on-sub-cell metallization struc-
ture 1interconnecting emitter regions of the sub-cell, the
on-sub-cell metallization structure located on a back
surface of the plurality of sub-cells; and

an 1nter-sub-cell metallization structure coupling each of
the plurality of sub-cells, wherein the inter-sub-cell
metallization structure 1s different 1n composition from
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the on- sub-cell metallization structure and 1s located
on the back surface of the plurality of sub- cells, the
inter-sub-cell metallization structure comprising a con-
ductive feature overlying and exposed by a correspond-
ing scribe line between adjacent ones of the plurality of
sub- cells, the conductive feature having a longest
length along a same direction as a longest length of the
scribe line, wherein the scribe line comprises an open-
ing at an end of the scribe line opposite the conductive
feature, wherein the conductive feature does not extend
into the scribeline between adjacent ones of the plu-
rality of sub-cells, and wherein a solder paste layer
comprising aluminumy/silicon alloy particles bonds the
on-sub-cell metallization structure and conductive fea-
ture.

2. The solar cell of claim 1, wherein the inter-sub-cell
metallization structure comprises a plurality of metal rib-
bons coupling corresponding adjacent ones of the plurality
ol sub-cells.

3. The solar cell of claim 2, wherein the plurality of metal
ribbons 1s disposed on the solder paste layer disposed at
adjacent outer perimeters of the corresponding adjacent ones
of the plurality of sub-cells.

4. The solar cell of claim 2, wherein each of the plurality
of metal ribbons has a thickness approximately in the range
of 50-300 microns.

5. The solar cell of claim 2, wherein each of the ribbons
comprises one or more holes along an approximate center of
the ribbon.

6. The solar cell of claim 5, wherein the one or more holes
are a stress relief feature in the ribbon.

7. The solar cell of claim 2, wherein each of the plurality
of metal ribbons includes an intervening tab extending
between corresponding adjacent ones of the plurality of
sub-cells.

8. The solar cell of claim 7, wherein the intervening tab
1s a removable intervening tab.

9. The solar cell of claim 1, wherein the on-sub-cell
metallization structure comprises a metal seed layer.

10. The solar cell of claim 9, wherein the on-sub-cell
metallization structure consists only of the metal seed layer.

11. The solar cell of claim 1, wherein each of the sub-cells
has approximately a same voltage characteristic and
approximately a same current characteristic.

12. The solar cell of claim 1, wherein the plurality of
sub-cells 1s a plurality of m-series diodes.
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13. A solar cell, comprising;

a plurality of sub-cells, each of the plurality of sub-cells
comprising a singulated and physically separated semi-
conductor substrate portion, and each of the plurality of
sub-cells comprising an on-sub-cell metallization struc-
ture 1interconnecting emitter regions of the sub-cell, the
on-sub-cell metallization structure located on a back
surface of the plurality of sub-cells, and the on-sub-cell
metallization comprising a plated metal; and

an inter-sub-cell metallization structure coupling adjacent
ones of the plurality of sub-cells, wherein the inter-
sub-cell metallization structure comprises a plurality of
metal ribbons, the inter-sub-cell metallization structure
comprising a conductive feature overlying and exposed
by a corresponding scribe line between adjacent ones of
the plurality of sub-cells, the conductive feature having
a longest length along a same direction as a longest
length of the scribe line, wherein the scribe line com-
prises an opening at an end of the scribe line opposite
the conductive feature, wherein the conductive feature
does not extend into the scribeline between adjacent
ones of the plurality of sub-cells, and wherein a solder
paste layer comprising aluminum/silicon alloy particles
bonds the on-sub-cell metallization structure and con-
ductive feature.

14. The solar cell of claim 13, wherein each of the
plurality of metal ribbons has a thickness approximately in
the range of 50-300 microns.

15. The solar cell of claim 13, wherein each of the ribbons
comprises one or more holes along an approximate center of
the ribbon.

16. The solar cell of claim 15, wherein the one or more

holes are a stress relief feature 1n the rbbon.

17. The solar cell of claim 13, wherein each of the
plurality of metal ribbons includes an intervening tab
extending between corresponding adjacent ones of the plu-
rality of sub-cells.

18. The solar cell of claim 17, wherein the intervening tab
1s a removable intervening tab.

19. The solar cell of claim 13, wherein the plated metal
comprises a copper layer.

20. The solar cell of claam 13, wherein the plurality of
metal ribbons comprises aluminum fo1l.
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